Paralytic shellfish toxin concentrations were measured and individual toxin profiles were monitored in axenic batch cultures of Protogonyaulax tamarensis and Protogonyaulax catenella. High pressure liquid chromatographic methods were used that allowed the separation of all 12 known paralytic shellfish poisons, including toxins Cl, C2, and C3, from a single sample. In isolates of both Protogonyaulax species, total toxin levels were relatively low after inoculation, increased rapidly in early to midexponential growth to a value 100 to 300% of that at the initial time point, then decreased by 86 to 95% as the culture aged. Although the concentrations of individual toxins per cell followed the same general pattern as that seen for total moles of toxin per cell, variability in toxin profile with culture age was observed. In P. tamarensis, the mole percent of neosaxitoxin increased substantially from 8 to 44% as total toxin levels per cell decreased. A concomitant decrease in the mole percent of saxitoxin with culture age was noted. Although not as precipitous, changes in the mole percent of specific toxins from P. catenella were also observed. The mole percent of gonyautoxins I and IV increased, while that of gonyautoxins II and III decreased. These data suggest that the toxin profile in isolates of Protogonyaulax can change, sometimes significantly, with changing environmental variables. Protogonyaulax species produce an array ofchemically similar neurotoxins that differ in their biological toxicity (8, 17) .
Members ofthe dinoflagellate genus, Protogonyaulax, produce toxins that are responsible for the world-wide occurrences of PSP2 in humans and marine animals. Blooms or 'red tides' of Protogonyaulax have forced annual closures of shellfish harvests, resulting in serious economic consequences for regional shellfish industries along the eastern and western coasts of the United
States. The two algal species that are responsible for many of these blooms have been documented as Protogonyaulax tamarensis and Protogonyaulax catenella.
Protogonyaulax species produce an array ofchemically similar neurotoxins that differ in their biological toxicity (8, 17) . This array includes the C1, C2, C3, and C4 toxins, the Bl and B2 toxins, GTX Protogonyaulax species vary in their toxin profiles (8, 14) . In fact, Cembella et al. (4) suggested that toxin profiles can be used to determine whether the tamarensoid and catenelloid morphotypes of the Protogonyaulax genus represent distinct species or morphological variants of the same species.
To assess the biochemical origin and metabolic pathway of toxins produced by Protogonyaulax, investigators have analyzed cellular toxin content of cultures grown under a number of environmental variables. Historically, these studies have been hampered by the lack of bacteria-free cultures and the lack of a quantitative method for determining toxin profile and composition within a cell. Using a mouse bioassay (1), early physiological studies demonstrated that toxicity within a dinoflagellate may decrease with the increasing age of a cell culture (8, 15, 25) , with increasing light intensity (8), or with reduced phosphorus concentrations in the culture media (8) .
Investigations into the relationship between cellular physiology and the production of PSP toxins in Protogonyaulax have become more detailed with the advent of a HPLC method for detecting cellular toxins (22) . Boyer (26) .
RESULTS
Determination of Cx Toxins. The HPLC method of Sullivan and Wekell (23) was modified as indicated in Table I Delay time before next injection: 5 min a complete separation of Cl, C2, and C3 toxins (Fig. 1) . Toxin C4 was not included in these studies due to lack of standard material. Similar to the HPLC method used to separate and detect the carbamate and other sulfamate toxins (23) , the method in Table I involves the separation of the Cx toxins by ion interaction chromatography (10) and the detection offluorescent derivatives, following postcolumn oxidation, with periodate. Separation of the toxins is affected by (a) pH of the mobile phases, (b) concentration of ion-pairing reagents, (c) column temperature, and (d) type and concentration of inorganic buffer. The pH is the most critical variable in achieving effective separations. Based on the work of Shimizu et al. (18) with NEO, the pKs of the N-I hydroxyl, C-8 guanidinium, and C-2 guanidinium groups are approximately 6.8, 8.7, and 1 1.7, respectively. The charge contributions of these groups along with those of the sulfate groups yield net negative charges for the Cx toxins at pH 7.5 (mobile phase A). C3 and C4 are more negatively charged than Cl and C2 due to dissociation of the N-I hydroxyl group which easily facilitates separation of C3 from Cl and C2.
Cellular Characteristics of Protogonyaulax tamarensis and catenella. Growth curves for three replicate cultures of P. tamarensis and P. catenella are shown in Figure 2 , and b, respectively. Average growth rates of these two isolates in logarithmic phase were 0.24 ± 0.02 divisions per day for P. catenella and 0.31 + 0.03 divisions per day for P. tamarensis. Although there was some variability due to the presence of shed thecae when packed cell volumes were determined, cell volumes of both isolates decreased by approximately 20 to 40% during culture growth (Table II) .
Toxin Composition of P. tamarensis. Only NEO and STX were (Fig. 3a) . Following an increase of 300% between d 5 and 8, the toxin content declined rapidly after d 15 to 5% of its initial value. Total toxin, NEO, and STX significantly increased in concentration between d 5 and 8 ( Fig. 3, a-c) , whereas total toxin and STX concentrations decreased significantly between d 15 and 20 ( Fig. 3, a and c) . The concentration of NEO declined significantly between d 8 and 20 (Fig. 3b) . Highest cellular toxin concentrations for all toxins occurred in the early to midlogarithmic phases of culture growth. Figure 4 shows the variation of STX and NEO, expressed as a percent of total toxin (mol %), with These changes in the toxin profile of P. tamarensis did not appear to be associated with the precipitous decline of total toxin that is initiated in the midlog phase of culture growth.
When the contributions of individual toxins to the total biological toxicity per algal cell were calculated in mouse units, the contributions of NEO and STX to toxicity per cell changed in a direct relationship with the mol percent of each toxin present (Table III) .
Toxin Composition of P. catenella. The toxin profile of P. catenella included C1, C2, NEO, B 1, B2, and GTX I, II, III, and IV. Figure 5a demonstrates that the total cellular toxin content of P. catenella doubled from d 5 to 15 and then decreased by 86% from d 15 to 59 of culture growth. Peak toxin concentration occurred in the early to midlog phase of culture growth. The decline of total cellular toxin was more gradual than that seen for P. tamarensis. Within a 5-day period from the observed toxin maximum, the total cellular toxin in P. tamarensis declined by 66% while, during the same period, the toxin content of P. catenella declined by 10 to 30%. In P. catenella, toxins Cl and C2 contributed most significantly to the rise and fall in the toxin concentrations, whereas NEO did not significantly change in concentration over time (Fig. Sa) . Toxins B1, B2 (Fig. 5b) , GTX II and III, and GTX I and IV (Fig. 5c ) also exhibited significant per cell changes during culture aging.
As the total toxin content per cell rose, the mol percents of C1 and C2 and B1 exhibited significant increases; those of GTX II and III decreased, while the levels of NEO, B2 and GTX I and IV NEO, B2 and GTX 1 and IV remained unchanged. As the total toxin content per cell declined after d 15, the mol percents of Bl and GTX II and III decreased, whereas those of Cl and C2, NEO and B2 were relatively constant, and that of GTX I and IV increased (Fig. 6, a-c) .
Although NEO was present in relatively small amounts in this isolate of P. catenella, it was consistently one of the largest contributors to biological toxicity (as calculated from mouse units) (Table III) . The toxins Cl and C2 and the GTXs also rank as major contributors to biological toxicity. Toxicity per cell due (19) , and (c) the single report that addresses the question of toxin production by axenic cultures (20) has shown lower toxicities (in mouse units) per cell, and differential time courses of toxin production, compared to nonaxenic cells.
In this study, we present a detailed study of changes in toxin content and composition during growth in axenic isolates of Protogonyaulax tamarensis and P. catenella during batch culture of these algae. Toxin content of the cells was determined by HPLC methods which are rapid, sensitive, and separate the 12 known PSP toxins.
Both P. tamarensis and P. catenella exhibited a peak concentration of toxin per cell in early to midlogarithmic growth and a decline in toxin content with increasing culture age. As either P. catenella or P. tamarensis cultures aged, total toxin content declined by approximately 80 to 95% when compared to the maximum value measured during logarithmic growth. Our data confirm earlier physiological studies of Protogonyaulax that used either the mouse bioassay as a measure of toxicity (8, 15, 20) or an HPLC method (3, 4) . These analyses demonstrated that a high toxin content (HPLC) per cell or high toxicity (mouse units) per cell observed during the logarithmic growth phase markedly declined in stationary phase. In several isolates of Protogonyaulax, this decline could range from 46 to 86% (4) .
When cells from midexponential cultures of P. catenella and P. tamarensis were inoculated into new culture medium, cellular toxin concentrations did not change, even though cell density had increased (day 0-5). After this initial 'lag' phase in production, increases in cellular toxin levels per cell became rapid. Highest toxin levels per cell were observed after one doubling of cell densities (d 5-8) in P. tamarensis and two doublings (d 5-15) of P. catenella. Previous workers have speculated that the decline in toxin concentration associated with the onset of stationary phase of growth may be due to 'leaky' cells. However, in this study, the maintenance of low toxin concentrations at relatively low cell densities suggests that metabolic factors may explain the low cellular toxin concentrations during stationary growth.
Although both P. tamarensis and P. catenella exhibited an increase and then decline in total cellular toxin levels during growth, the timing associated with these changes was different for each isolate. For example, the decrease in cellular toxin levels in P. tamarensis took place much more rapidly than that in P. catenella. In fact, a 78% decrease in toxin per cell was observed in P. tamarensis over a period of approximately one doubling time (d 15-20) . The same amount of decrease was observed in P. catenella only after cells had reached stationary growth phase (d 15-46) . The early increase in toxin content per cell in P. catenella also occurred over a longer period of time than that in P. tamarensis; this difference in toxin production may be related to the difference in growth rates between the two isolates.
Changes in toxin composition with culture age were observed in both isolates of Protogonyaulax. In P. catenella, changes in the relative amounts of B2, GTX I and IV, and GTX II and III per cell were not well correlated with the changes in total cellular toxin. An exception may be GTX I and IV, where an increase in the relative amount of these toxins began about the time when total cellular toxin decreased. In contrast, a study by Boyer et al. (3) noted that the relative amount of GTX I and IV increased, whereas the relative amount of GTX II and III decreased, during stationary growth in an isolate of P. tamarensis 255. As in this study, however, these changes did not parallel a decrease in total toxin per cell.
When the toxin profile of P. tamarensis was monitored, substantial changes in the ratio of NEO and STX to total cellular toxin were observed. Although NEO represented only 5% of the total toxin during exponential growth, this toxin represented 45% of the cellular toxin during the initial stages of stationary growth. This decrease in the contribution of STX to total toxin per cell, and the increase in that of NEO, began immediately after the sharp decline of cellular toxin levels that occurred early in exponential growth. The observed changes in toxin profile with culture age in P. tamarensis contrast sharply with initial results observed by Boyer et al. (3) and Cembella et al. (4) . Those investigators observed that P. tamarensis isolates contained low percentages of NEO and STX relative to the other toxins, and that only very small changes in toxin composition took place during culture aging. The cultures used in those studies (3, 4) , however, were not bacteria-free; thus, changes in toxin composition might have been masked by microbial activity.
Several physiological parameters change with time when phytoplankton are maintained in batch cultures. Depletion of nutrients or pH changes in the medium, reduction of light levels due to self-shading, and the accumulation of cell excretions may impact directly on toxin production. Cellular biochemistry changes during batch culture of dinoflagellates. For example, not only can the levels of carbon, nitrogen, and Chl concentrations per cell decline, but a decrease in photosynthetic activity has been documented to occur when stationary and logarithmic phase batch cultures of Gonyaulax polyedra are compared (16) .
Ribulose-1,5-bisphosphate carboxylase activity, the primary enzyme of CO2 fixation, has also been shown to decrease at the onset of stationary phase in cultures of P. tamarensis and other phytoplankton (2, 6) . It has been suggested that both nutrient concentration and light intensity are significant factors in the determination of specific cellular toxin levels in Protogonyaulax (8) . A correlation of photosynthetic functions and toxin production would be especially interesting given the existence ofAphanizommenon flos-aquae, a blue-green alga which produces saxitoxin (1 1). The endosymbiotic origins of chloroplasts (24) would suggest that toxin production might be an evolutionary link between A. flos-aquae and the Protogonyaulax species.
Dinoflagellate toxicity also parallels RNA and DNA concentration; levels of these nucleic acids decrease when Gonyaulax excavata cells enter stationary phase (13) . In fact, it has been suggested that dinoflagellate toxins may affect nucleic acid metabolism (13) . Interestingly, although not necessarily correlative, the time-course of incorporated thymidine into nucleic acids in aging dinoflagellate cultures (5) follows a similar pattern to the time course of toxin concentration per cell seen in this report.
